A range-gated pulsed Doppler flowmeter has recently been developed that measures the average velocity of blood flow within a small tear-drop shaped (4 mm by 2 mm) sample volume. Unlike the continuous wave Doppler, the distance from the transducer face to the sampling site can be continuously varied by a range adjustment knob.
FOR NEARLY 20 years intracardiac phonocardiography has been used to localize heart sounds and murmurs within the heart and great vessels. ' Recently a range-gated pulsed Doppler flowmeter was developed which measures the average velocity of flow within a small 4 mm by 2 mm sample volume at any point along the ultrasonic beam.2 The output of the device is an audio signal, whose frequency is proportional to the velocity spectrum contained within the sample volume. Since most murmurs are generated by turbulent flow, this device can be used to localize jets or other areas of turbulent flow which have a characteristic wide frequency band sound. This paper describes the application of the pulsed Doppler flowmeter to the localization of a wide variety of cardiac murmurs.
Method
Most of the 20 patients in the study (Table 1) were admitted for cardiac evaluation, but a few were referred from the outpatient clinics for localization of interesting murmurs. Only 4 of the 20 did not undergo cardiac catheterization.
Prior to catheterization and angiography, the patients were brought to the laboratory, where a thorough cardiac physical examination was performed. Graphical tracing, including ECG, external carotid pulse, and one channel phonocardiogram were recorded. A complete echocardiographic examination was usually performed. The final step was the noninvasive localization of the cardiac murmurs, using the range-gated pulsed Doppler flowmeter. The technique for murmur localization is shown in figure 1 . The transducer is placed on the skin within the heart's precordial ultrasonic window,.at the jugular notch, or the subxyphoid region, with an acoustical coupling medium between the transducer face and the skin. The jugular notch is the optimum site for recording proximal aortic flow and the subxyphoid approach is occasionally used in elderly patients with chronic pulmonary disease, in whom the precordial approach may be unsuccessful. The transducer has an acoustical lens bonded to the crystal face, so that the beam is focused (5 cm in early models and 10 cm in Circulation, Volume XLVIII, October 1973 DOPPLER ECHOCARDIOGRAPCRY Figure 1 Range-gated pulsed Doppler fiowmeter with A-mode monitor oscilloscope and muirmurs within the heart and great vessels. later models). One-half of the split transducer crystal is used to transmit and the other one-half to receive the short (1 micro-second), high-frequency (4. hypertrop',iic subaortic stenosis, atrial septal defect, pulmonic insufficiency, and pulmonic stenosis. In four patients there was no confirmation by cardiac catheterization. Two of these patients had the characteristic findings of mitral stenosis, and one had severe mitral regurgitation. One patient with a diastolic turbulent sound just proximal to the pulmonic valve (pulmonic insufficiency) had previously undergone surgical closure of a small ventricular septal defect and relief of right ventricular infundibular stenosis.
Results

Normal Intracardiac Blood Flow
In subjects without organic heart disease and with the Doppler sample volume in the mitral or tricuspid orifice, a click is heard in early diastole due to anterior motion of the anterior cusp, immediately followed by an early diastolic filling sound,* which has a narrow frequency range, suggesting little or no turbulence. There is often an accentuation of the flow sound late in diastole, which is followed by an end-diastolic click due to closure of the anterior cusp. When the Doppler sample volume is in the aortic or pulmonic valve orifice, a systolic flow sound can be heard, which has a narrow frequency bandwidth. These flow soun.ds are also bounded by a valve cusp click at the onset and termination of systole, which in some cases may be multiple, suggesting that more than one cusp is passing through the sample volume. The loudest flow sounds are heard in the pulmonary trunk and proximal aorta, and they usually have a wider frequency bandwidth (more turbulence) than the intracardiac filling or ejection sounds.
* In this paper`sound" refers to the loudspeaker or earphone output of the Doppler system, and not to the first sound, second sound, etc.
A.
I~< Mitral Stenosis
In the three patients with mitral stenosis, all of whom had an audible diastolic rumble, a turbulent 4 , with the Doppler sample volume in the mitral orifice, a loud turbulent jet with presystolic accentuation was recorded during diastole.
Mitral Regurgitation
With our initial equipment (4.65 MHz receiver with transducer focused at 5 cm), mitral regurgitation was a difficult murmur to localize, since the jet is often. far posterior (8 to 12 cm) due to enlargement of both the left ventricle and left atrium. After switching to a new receiver and transducer (3 MHz focused at 10 cm) our ability to localize this murmur markedly improved. In one case (MC) with the recent onset of a grade 2/6 systolic murmur with maximum intensity at the apex and radiation toward the left axilla, a turbulent jet was detected in the left atrium just superior to the medial aspect of the mitral valve orifice. A biplane cineangiocardiogram with left ventricular injection showed a modest amount of mitral valvular regurgitation. In the second patient (RR) with coronary artery disease and congestive heart failure, no catheterization was performed, but the grade 4/6 holosystolic murmur was attributed to mitral regurgitation. Supporting evidence included an enlarged left atrium on echocardiogra- There were four patients with atrial septal defects (ASD): (1) JO, a 6-year-old girl with a large secundum ASD with a 2.9:1 pulmonic/systemic flow (P:S) ratio, and a grade 2/6 systolic ejection murmur along the LSB; (2) GIH, an ll-year-old boy with a small ASD with a 1.7:1 P:S ratio and a grade 3/6 systolic murmur maximum in the pulmonic area; (3) CW, a 33-year-old woman with an ASD and partial anomalous venous return with a grade 2/6 systolic ejection murmur along the LSB; and (4) MW, a 4-year-old boy with a secundum ASD with 1.3:1 P:S ratio and a grade 3 Figure 7 A 21-year-old male (RB) with 25 mm Hg right ventricular outflow tract gradient and a diastolic crescendodecrescendo murmur in the pulmonic area. The spectral analysis plot (left) of the Doppler signal from the otutflow tract, just below the pulmonic valve, shows the turbulent diastolic flow found just proximal to the pulmonic valve, due to pulmonic insufficiency. The symmetrical high frequency components are due to "fold-over" caused by using too low a pulse repetition rate. Doppler flow signal from the pulmonary trunk was markedly turbulent.
Q-Wove
The third patient (RL) was an 8-year-old girl with idiopathic hypertrophic subaortic stenosis with marked septal hypertrophy, which caused a 15 mm Hg gradient across the right ventricular outflow tract. The Doppler signal from the pulmonary trunk was turbulent.
All of these patients had turbulent flow in the pulmonary trunk, but we could not distinguish between valvular and subvalvular stenosis.
Discussion
Generation of Cardiovascular Murmurs
In general, an audible sound is produced not by the laminar blood flow through vascular channels but by turbulence, which can be defined as a region of fluid flow in which the fluid particles are moving in a random direction and at a random velocity. The point at which laminar flow becomes turbulent is difficult to define, but some physiological studies have plotted pressure drop against flow rate and defined turbulence as the point at which there is a sudden change in slope. The conditions that result in turbulence with steady flow in a long pipe can be expressed by the nondimensional Reynold's number, which can be calculated by the formula In general, with increasing velocity, the eddies adjacent to the jet spread over a larger area of the channel and occur closer to the orifice, and move with increasing violence. The fluid disturbance also set up mechanical vibrations within the vessel walls, whose vibration frequency depended both on the characteristics of the fluid disturbance and the mechanical propertIes of the vessel walls. This suggests that cardiovascular noise could be generated by the impact of the disturbed flow on the vessel walls downstream from the narrowed orifice. The vessel wall vibrations would then be transmitted through adjacent tissues to the skin.'0
The pulsed Doppler can detect many of the flow characteristics involved in the generation of cardiovascular murmurs. Laminar flow results in a sound with a tonal quality, due to the relatively narrow frequency bandwidth of the Doppler signal, and with turbulent flow the sound has a much wider frequency bandwidth. Meisner and Rushmer have described the oscillation of a jet in flow channels that are designed to simulate aortic stenosis.10 This random whip-like motion resembling the motion of a fire hose can also be detected by the Doppler as a lower frequency oscillation of the jet. This probably explains our findings that many patients with aortic stenosis have low frequency, high intensity (5-15 Hz) oscillations in the proximal aorta.
The complexity of sound transmission from the heart and great vessels to the chest surface is a major limitation in using standard phonocardiography for localizing the site of origin of cardiac murmurs. Attempts to overcome these limitations have included tracheal, esophageal, and epicardial phonocardiography. Perhaps the most useful advance was the introduction in 1954 of direct intracardiac phonocardiography by Yamakawa In mitral regurgitation a turbulent jet in systole is found with the Doppler in the mitral valve orifice and in the left atrium just superior to the valve. This is not as easy a murmur to find as in mitral stenosis. Great care must be taken to precisely locate the sample volume, since mitral regurgitation might be easily confused with normal systolic flow in the left ventricular outflow tract. Similar murmur localization has been described with intracardiac phonocardiography.7" 18 In aortic stenosis, marked turbulence in the proximal aorta is recorded with the Doppler transducer in the suprasternal notch. With the transducer on the precordium, a small turbulent jet can often be recorded in the aortic valve orifice. Similarly, with the intracardiac phonocatheter, the murmur is described as having maximum intensity within the aorta just distal to the valve. 17' 18 In aortic insufficiency, a turbulent murmur can be found in the left ventricular outflow tract below the valve by both methods.
In the one patient with coarctation of the aorta, we recorded a high frequency (velocity) signal within the narrowed lumen. Spencer, Johnston and Meredith have shown that in uncomplicated coarctation of the aorta, the murmurs arise from aortic turbulence just below the narrowed segment (due to the high velocity jet in the lumen and poststenotic dilation) and from turbulent flow in collateral channels .19 Circulation, Volume XLVIII, October 1973 In tricuspid stenosis, a turbulent jet is detected with the Doppler in the tricuspid valve orifice and right ventricular inflow tract. This agrees with the localization of the murmur using intracardiac phonocardiography .20 In right ventricular volume overload (atrial septal defects), the flow signal recorded with the Doppler in the tricuspid valve orifice and right ventricular inflow tract has increased intensity and turbulence. The clicks generated by the opening and closing of the tricuspid valve leaflets also appear to be of higher frequency (velocity) than normal. The intensity and turbulence of the flow signal from the pulmonary artery could not be clearly distinguished from normal, but this hopefully will improve with experience and the development of Doppler techniques for the semi-quantitation of pulmonary artery flow.
Similar to the Doppler findings, the murmurs detected in atrial septal defects by intracardiac phonocatheter are not particularly striking. They consist of a systolic ejection murmur in the main pulmonary artery of greater intensity than in normals, and in large shunts there may be a lowpitched, rumbling diastolic murmur distal to the tricuspid valve in the right ventricular inflow tract. Low intensity murmurs have also been described in the right atrium, presumably due to flow through the left-to-right intra-atrial shunt, but they do not radiate to the anterior chest wall.14-16, [20] [21] [22] In the postsurgical patient (RB) with a high ventricular septal defect (closed) and right ventricular outflow tract obstruction ( [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 20 Other murmurs have recently been localized, but the cases were not included in this paper. They include two patients with tricuspid insufficiency with systolic jets in the right atrium just proximal to the tricuspid valve orifice, and one patient with a ventricular septal defect and a turbulent systolic jet high in the right ventricle.
There is a remarkable similarity between the Doppler findings and those previously described using intracardiac phonocardiography. A major advantage of Doppler echocardiography is that it is the first method for the precise localization of murmurs using an external sensor. Potential applications, in addition to murmur localization, include the measurement of jet diameter as a means of estimating valve orifice area and semi-quantitative measurements of proximal aorta and pulmonary trunk flow as a means of calculating pulmonic:systemic flow ratios.
